Summary .-The sensation of being dazzled by light was investigated, and the eff ects of colors on the feeling were assessed using stimuli composed of a disk and a surrounding annulus with luminance gradient, which had a glowing appearance. The colors of the disk and annulus were varied, while the luminance of each pixel was unchanged. In addition, disk and maximum annulus luminances were also varied. Ten participants were asked to rate the feeling of being dazzled for the stimuli. Results of a four-way analysis of variance (ANOVA) indicated that the main eff ect of disk color was not signifi cant, whereas the annulus color was. Furthermore, there was signifi cant interaction of the disk color and the annulus color. On the whole, the feeling of being dazzled for the light-blue or pink annulus was stronger than that for the other colors, while the light-blue (pink) annulus did not signifi cantly diff er in that feeling from the yellow, green, or gray annulus when the disk color was light-blue (pink). This indicates that the same disk color as the annulus color tended to reduce the feeling of being dazzled.
We need light to see the environment around us, but strong light is not always good for the eyes. Seeing strong light sources such as the sun directly may cause blindness. Even when light is not so strong as to cause blindness, bright light may have negative eff ects on sight. Strong light is called "glare" in studies of illumination. Vos (2003 ) sorted phenomena of glare into three categories: disability glare, discomfort glare, and dazzling glare. Disability glare is the masking eff ect caused by light scattered in ocular media, and discomfort glare is cumbersomely distracting eff ect of peripheral light sources. Dazzling glare is a reaction to light over-exposure, which may include light avoidance or pain. Disability and discomfort glare have been intensively studied, but dazzling glare has not ( Vos, 2003 ) .
Considering that dazzling is an aversion reaction to strong light, it may be wavelength-dependent. The human visual system is less sensitive to short-or long-wavelength light (blue or red) compared with middle-wavelength light (green or yellow). When the luminance of colors is the same, short-or longwavelength light has more energy than middle-wavelength light.
2 For exam-ple, light of wavelength 660 nm (red) with 10 cd/m 2 luminance has approximately 16 times more energy per unit time than light of wavelength 570 nm (yellow) with the same luminance. This implies that short-and long-wavelength light is potentially more dangerous to the eye than middle-wavelength light if it has the same luminance. Humans have only three types of cones (photoreceptors for color vision), so the same perceived color may comprise diff erent combinations of wavelengths. Thus, perceptually indistinguishable colors may have diff erent energy. However, since natural light generally has a continuous spectral distribution, reddish and bluish light would statistically include more long-or short-wavelength light than yellowish or greenish light. Hence, reddish and bluish color would be generally more dangerous than yellowish or greenish color. The adaptive feeling of being dazzled (aversion to a light source) should be stronger for reddish or bluish light than yellowish or greenish light, to protect eyes from light with high energy. However, apparently, the dependence of the magnitude of dazzling on color or light wavelength has not been studied.
Some visual images appear to emit light strongly, even if they do not. For example, a white uniform region appears to be emitting light when it is surrounded by a halo-like luminance ramp. Zavagno (1999 ) presented several such visual stimuli that appeared to be self-luminous (glowing). Of these stimuli, a cross-shaped stimulus, which is a white square surrounded by luminance ramps, has been often used in studies on self-luminosity ( Zavagno & Caputo, 2001 , 2005 Lu, Zavagno, & Liu, 2006 ) , but other similar types of stimuli that appear to be self-luminous have also been used ( Kennedy, 1976 ; Bressan, 2001 ). The surrounding halo-like luminance gradient was shown to be essential for the appearance of self-luminosity ( Zavagno & Caputo, 2001 , 2005 . Luminance gradients also aff ect brightness of adjacent regions and brightness contrast ( Agostini & Galmonte, 2002 ; Zavagno, 2005 ; Zavagno & Daneyko, 2008 ) . The eff ects of such stimuli with luminance gradients are generally called glare, especially in computer graphics (e.g., Spencer, Shirley, Zimmerman, & Greenberg, 1995 ; Kakimoto, Matsuoka, Nishita, Naemura, & Harashima, 2005 ) , and Zavagno (1999 ) called this apparent self-luminosity a glare eff ect. Since such stimuli with luminance gradients do not emit strong light, they do not actually disable vision or cause pain, although they appear to be emitting fairly strong light. However, viewers often feel a compulsion to look away from such stimuli or close their eyes. Here the sensation of wanting to avoid light without the eyes being blinded, nor a sense of pain, is called the feeling of being dazzled ( mabushisa in Japanese). Stimuli with luminance gradients seem to be deliberately used in many movies and TV dramas to evoke the feeling of being dazzled. In computer graphics, similar images are often used to draw glowing light sources (e.g., Spencer, et al ., 1995 ; Kakimoto, et al ., 2005 ) . The gradient pattern in the surrounding regions is drawn to mimic light scattering in the eyes. Hanada (2012b ) examined the feeling of being dazzling evoked by luminance gradients. He used a stimulus composed of a disk with uniform luminance surrounded by an annulus whose luminance was decreased from the inner boundary to the periphery. The luminance of the disk and the maximum luminance of the annulus were varied. The feeling of being dazzled became stronger as the luminance of the disk and the maximum luminance of the annulus increased. In addition, distinctness between the central disk and the surrounding annulus was also varied by varying the luminance profi le for the annulus, keeping the mean luminance identical. When the border between the disk and annulus was less clear, the feeling of being dazzled was weaker. He suggested that distinctness between the central and surrounding regions might enhance the feeling of being dazzled.
In the previous studies on self-luminance eff ects due to gradients (e.g., Zavagno, 1999 ; Zavagno & Caputo, 2001 , 2005 Lu, et al ., 2006 ; Hanada, 2012b ) , monochromatic stimuli have been used. However, photographic or retinal images of a light source generally appear with a color pattern. The central region is often too bright and becomes a uniform white area, which is called a blown-out highlight or clipped whites. On the other hand, most parts of the surrounding gradient pattern are typically within the range of the maximum and minimum light intensities visible to the eyes or a camera and can be chromatic. Thus, glare is not only characterized by a luminance pattern such as a luminance gradient, but also color may infl uence its appearance. Hence, color may aff ect the feeling of being dazzled.
In this study, the eff ects of colors on the feeling of being dazzled were examined using a uniform central disk and a surrounding annulus with a luminance gradient as in Hanada (2012b ) . As explained above, short-or long-wavelength light is potentially more dangerous to the eye than middle-wavelength light. Hence, people may avoid reddish or bluish light more actively than greenish or yellowish light. In this study, a uniform central disk and a surrounding annulus with a luminance gradient were used as stimuli, and the hypotheses were tested by varying the disk and annulus colors independently, while luminance of the stimuli was unchanged. Hypothesis 1 . Reddish or bluish light will evoke a stronger feeling of being dazzled.
If colors of the central and surrounding regions diff er, the color difference should enhance the distinctness between the central and the surrounding regions. If the distinctness between the central disk and the surrounding annulus enhances the feeling of being dazzled ( Hanada, 2012b ) , the color diff erence should help segment them perceptually, and the increased distinctness should lead to a stronger feeling of being dazzled.
Hypothesis 2 . The color diff erence between the central uniform region and the surrounding periphery will enhance the feeling of being dazzled.
METHOD

Participants
Ten undergraduate students ( M age = 22.4 yr., SD = 0.8, range = 21-23), who were unaware of the purpose of the experiment, participated. They all majored in information sciences and participated as volunteers. All the participants had normal color vision and normal or corrected-to-normal acuity. Informed consent was obtained from all the participants before the experiment. The study was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
Apparatus
The apparatus was the same as in Hanada (2012a ) . The stimuli were generated by a visual stimulus generator ViSaGe (Cambridge Research Systems Ltd.), and displayed on a cathode ray tube (Sony CPD-G420). This apparatus was capable of displaying 256 colors through R, G, and B channels, each of which had 14-bit DAC (digital-to-analog converter). The monitor was calibrated by setting the palette table of the DAC. The CRT display was used for high accuracy of color representation. The viewing distance was 65 cm. The refresh rate of the display was 60 Hz, and the display size was 1024 × 768 pixels, subtending 30° × 23°. The participants viewed the display binocularly in a dark room, with their head supported by a chin rest.
Stimuli
The stimuli consisted of a disk surrounded by an annulus. The radius of the disk was 2.6°, and the annulus spanned from 2.6° to 5.1°. The background of the stimulus was black (much less than 0.1 cd/m 2 ). The disk had uniform luminance, which was set to 32.5 or 65.0 cd/m 2 . The luminance in the annulus was linearly decreased from the inner border to the periphery as a function of the distance from the central disk. The luminance at the outer boundary of the annulus was the same as that of the background. The maximum luminance at the inner boundary of the annulus was also set to 32.5 or 65.0 cd/m 2 . To separate the eff ects of luminance from those of color, color coordinates of the disk and the annulus were varied, keeping the luminance of each pixel unchanged. Five colors, pink, green, yellow, light blue, and gray, as shown in Fig 1 (a) , were used for the disk and the annulus, respectively. The xy coordinates of the colors in the CIE (Commission Internationale de l′Éclairage) 1931 color space were as follows; pink: (0.341, 0.308); green: (0.269, 0.329); yellow: (0.336, 0.349); light blue: (0.228, 0.265); and gray: (0.285, 0.296). The four colors other than the gray were selected as colors on the axes of the opposing color space ( Hering, 1964 ) , red-green and yellow-blue axes. Since saturated blue and red with high luminance could not be displayed on the monitor, less saturated colors, pink and light blue, were used. The coordinates were determined in the CIE 1976 (L*, a*, b*) color space (CIELAB) as follows. Assuming that the CIE xy coordinates and luminance of the reference white point were (0.285, 0.296) and 89.1 cd/m 2 (which was the 80% of the maximum luminance of the display used for this experiment), respectively, the Lab coordinates for the gray point were determined to be (L*, a*, b*) = (88.4, 0.0, 0.0). The Lab coordinates for the other chromatic points were determined on a point around a circle with the center of the gray point and a radius of 25; pink: (88.4, 21.7, 12.5 All these conditions of disk luminance, annulus max luminance, disk color, and annulus color were crossed. Thus, there were 100 conditions for the stimuli: 2 (disk luminance) × 5 (disk color) × 2 (annulus max luminance) × 5 (annulus color). In addition, stimuli without annulus were also used to see how the surrounding annulus aff ects the feeling of being dazzled. Since only disk color and luminance can be manipulated, not annulus color and luminance for the stimuli without an annulus, there were 10 conditions for them: 2 (disk luminance) × 5 (disk color). In total, there were 110 stimulus conditions.
Procedure
The procedure was essentially the same as in Hanada (2012b ) . Before the trials, all the stimuli used in the experiments were presented to the participants sequentially in a random order for 0.5 sec. so that they could make an internal standard of the degree of "being dazzled." In a trial, a stimulus was presented for 1.0 sec. When the participants failed to see the stimulus during the presentation (e.g., they blinked during the presentation), they could see it again by pressing a button, but the participants were told not to use this button unless they really did not see the stimulus. The participants used a game pad to rate the feeling of being dazzled (anchors 0: Not dazzled at all and 10: Extremely dazzled) while observing the stimulus. To avoid eff ects of other visual stimulations on the feeling of being dazzled, the ratings were performed using sound. The participants increased or decreased the rating by pressing appropriate buttons of a game pad, and recorded voices informed them of the changed rating. The current value of the rating was also delivered when the "confi rmation" button was pressed. After completing the rating for a stimulus (trial), the participant proceeded to the next trial by pressing the "next" button. Each stimulus was evaluated twice in one session. The order in which stimuli were presented was randomized, and there were 220 trials per session. Each participant took part in two sessions, which means that they all rated each of the stimulus images four times. They performed the two sessions successively, and there was a short break (approximately 5 to 10 min.) between the sessions. The participants were told the number of trials and sessions in advance, but not how long each session would take.
Analysis
A four-way disk luminance (32.5 and 65.0 cd/m 2 ) × disk color (pink, green, yellow, light blue, and gray) × annulus max luminance (32.5 and 65.0 cd/m 2 ) × annulus color (pink, green, yellow, light blue, and gray) repeated-measures analysis of variance (ANOVA) was conducted on the data. The data for the stimuli without an annulus were not included in this analysis, but were analyzed separately in a two-way disk luminance (32.5 and 65.0 cd/m 2 ) × disk color (pink, green, yellow, light blue, and gray) repeated-measures ANOVA.
RESULTS
Overall means of individual means of the ratings for each stimulus condition are shown in Fig. 2 . The ratings for the stimuli without an annulus are shown with the label of "none." The results of the four-way disk luminance × disk color × annulus max luminance × annulus color repeated-measures ANOVA are shown in Table 1 the table.) The main eff ects of disk luminance and annulus max luminance were signifi cant. The ratings increased with the increase of disk luminance and annulus max luminance. More importantly, the main eff ect of annulus color was statistically signifi cant, but the main eff ect of disk color was not. A post hoc test by Ryan's method showed that the ratings for the light-blue annulus were signifi cantly higher than those for the gray, green, or yellow annuli at a 5% signifi cance level. In addition, the ratings for the pink annulus were higher than those for the gray or yellow annuli. The other differences did not reach the 5% signifi cance level. These results partly support Hypothesis 1 that reddish or bluish light evokes a stronger feeling of being dazzled. Since the pink or light-blue annuli evoked the feeling of being dazzled more strongly than the other colors, the hypothesis was supported for the annulus. However, since the main eff ect of disk color was not signifi cant, it was not supported for the disk. The interaction of disk color × annulus color was signifi cant, but the other interactions were not signifi cant. This signifi cant interaction of disk color × annulus color suggests combinatorial eff ects of disk and annulus colors, and is consistent with the second hypothesis that color diff erence between the disk and the annulus would enhance the feeling of being dazzled. To show the interaction more clearly, the ratings averaged across the disk and annulus max luminances (i.e., averaged across the four graphs, Fig. 2 a-d) are shown in Fig. 3 . The results of the simple main eff ects of annulus color for each disk color are summarized in Table 2 . The simple main eff ect of annulus color was signifi cant for the pink, green, yel- FIG. 3 . Ratings of the feeling of being dazzled averaged across diff erent disk luminances and max annulus luminances. The pairs whose diff erences were signifi cant at the 5% level of signifi cance are listed above the bars. P: Pink, Gn: Green, Y: Yellow, Lb: Light blue, and Gy: Gray. The error bars represent one SE. low, and light blue disks, but was not signifi cant for the gray disk. A post hoc test by Ryan's method was conducted on the above signifi cant simple main eff ect of annulus color at the 5% level of signifi cance, and the signifi cant diff erences were summarized in Fig. 3 . For the pink disk, the ratings for the light blue annulus were signifi cantly higher than those for the gray, pink, or yellow annuli. For the green disk, the ratings for the light blue annulus were signifi cantly higher than those for the yellow, green, or gray annuli, and those for the pink annulus were signifi cantly higher than those for the yellow or green annuli. For the yellow disk, the ratings for the light blue annulus were signifi cantly higher than those for the yellow, gray, or green annuli, and those for the pink annulus were signifi cantly higher than those for the yellow annulus. For the light blue disk, the ratings for the pink annulus were signifi cantly higher than those for the gray annulus. The other diff erences were not signifi cant.
The signifi cant main eff ect of annulus color indicates that as a whole the feeling of being dazzled for the light-blue or pink annulus was stronger than that for the other colors. However, the interaction of disk color and annulus color was signifi cant, and the results of the simple eff ects tests of this interaction indicate that there were no signifi cant diff erences in the feeling of being dazzled between the light-blue (pink) annulus and the yellow, green, or gray annuli when the disk had the same color, light blue (pink). Moreover, the feeling of being dazzled for the yellow (green) disk was signifi cantly weaker when the annulus color was yellow (green) than when the annulus color was pink or light blue. This tendency was also observed for the gray disk, though the simple main eff ect of annulus color was not signifi cant for the gray disk. Thus, these results indicate that color diff erence between the disk and annulus strengthens the feeling of being dazzled and support Hypothesis 2, that a color diff erence between the disk and annulus would enhance the feeling of being dazzled.
The results of the two-way (disk luminance × disk color) repeatedmeasures ANOVA for the stimuli without an annulus are shown in Table 3 . Note .-MS = Mean squares, eff ect size = partial η 2 . * p < .05. ‡ p < .001.
The main eff ects of disk luminance and disk color were signifi cant, whereas the interaction of disk luminance × disk color were not signifi cant. A post hoc test by Ryan's method was conducted on the simple main eff ect of disk color at the 5% level of signifi cance. The ratings for the light-blue disk were signifi cantly higher than those for the gray, green, or yellow disks, and the ratings for the pink disk were signifi cantly higher than those for the gray, green, or yellow disks. Thus, the pink or light blue disks evoked a stronger feeling of being dazzled than the green, yellow, or gray disks when the disk was not surrounded by an annulus. Hypothesis 1, that reddish or bluish light evokes a stronger dazzling feeling, was supported for the stimuli without an annulus. Note that this tendency was similar for the disks with an annulus, though the annulus color (not the disk color) was more infl uential on the feeling of being dazzled when the disk was surrounded by the annulus. DISCUSSION This study examined eff ects of colors on the feeling of being dazzled due to stimuli composed of a disk and a surrounding annulus with a luminance gradient. The colors of the disk and annulus were varied, while the luminance of each pixel was unchanged. The annulus color signifi cantly aff ected ratings of the feeling of being dazzled. The feeling of being dazzled for the light blue or pink annuli was stronger than that for the yellow, green, or gray annuli. Since the luminance pattern of the stimulus was the same for the diff erent annulus colors, this eff ect of the annulus color cannot be attributed to the luminance pattern. The main eff ect of disk color was not signifi cant, whereas there was signifi cant interaction of disk color and annulus color. Although as a whole the light-blue or pink annulus evoked a stronger dazzling feeling, the same disk color as the annulus color tended to reduce the feeling of being dazzled. The pink or light blue annulus evoked the feeling of being dazzled more strongly than the other colors. This result partly supports the fi rst hypothesis, that reddish or bluish light evokes a stronger feeling of being dazzled; that hypothesis was supported for the annulus, but not for the disk. Since this study approximately equated the saturation of the colors using the CIELAB color space, the eff ect of annulus color would not be attributed to the diff erence in saturation. A more plausible reason is the variation in sensitivity to light across wavelengths. Human sensitivity to short-or long-wavelength light is lower than that to middle-wavelength light. This means that middle-wavelength light (i.e., yellowish or greenish light) with weaker energy can cause the same luminance as the light with stronger energy in short-or long-wavelength (bluish or reddish light). Reddish or bluish light would statistically include more short-or long-wavelength light. Hence, strong reddish or bluish light can be much more dangerous than yellowish or greenish light when the bluish/reddish light has the same luminance as the yellowish/greenish light. Hence, strong reddish/bluish light should be avoided more actively than strong yellowish/greenish light. The feeling of being dazzled would be incidental to aversion reaction to light with high energy for protection of eyes. Hence, a stronger feeling of being dazzled by a light-blue or pink color for the surrounding ramp would be ecologically feasible for avoidance of light with very high energy. This tendency may be adaptive for protection of the visual system.
The annulus color seems to be more important for the feeling of being dazzled than the disk color. However, since the area of the disk was smaller than that of the annulus, no signifi cant main eff ect of the disk color may be due to smaller area for the disk. In fact, when the stimulus without an annulus was used, the pink or light blue disk was felt to be more dazzling than that with the other colors. Further studies in which the disk size was equated to the annulus size should be needed to clarify relative importance of the disk and annulus colors. However, the glare eff ect has been generally demonstrated with a larger size for the surrounding region (e.g., Zavagno, 1999 ; Lu, et al ., 2006 ) . Hence, the annulus color seems to be far more important for the feeling of being dazzled for such stimuli. It should be also noted that the fi nding that the disk color has a smaller eff ect on the feeling of being dazzled is consistent with the observation that the disk color tends to be perceptually achromatic because of response saturation of color mechanisms such as photoreceptors (cones), while the surrounding region may be chromatic.
Although there was no signifi cant main eff ect of disk color for the stimuli with an annulus, there was signifi cant interaction between disk color and annulus color. Although, as a whole, the feeling of being dazzled for the light blue or pink annulus was stronger than that for the other colors, the light-blue (pink) annulus did not signifi cantly diff er in the feeling of being dazzled from the green, yellow, or gray annulus when the disk color was light blue (pink). This indicates that the same disk color as the annulus color tended to reduce the feeling of being dazzled. This result supports the second hypothesis, that the color diff erence between the central uniform region and the surrounding one would enhance the feeling of being dazzled. Hanada (2012b ) suggested that the distinctness between central and surrounding regions may aff ect the feeling of being dazzled. Diff erence between the disk and the annulus in color should help segment them, and the enhanced distinctness should evoke a stronger feeling of being dazzled, whereas non-distinctness should reduce it. When the disk is not distinct from the annulus, the surrounding ramp may be sometimes interpreted as shading, and the stimulus may be perceived as one single unifi ed circular object. This interpretation might reduce the self-luminous appearance. Another possibility is that color contrast between the disk and the annulus may increase visibility of the disk, and this might lead to an increased feeling of being dazzled.
It has been also shown that a color diff erence enhances perception of some surface properties; the glossiness from the highlight is enhanced by the color diff erence between the highlight and the object ( Hanada, 2012a ) . The present study showed that the color diff erence between the central and surrounding regions strengthens the feeling of being dazzled. These results might suggest that a color diff erence should strengthen the perceptual qualities evoked by luminance patterns.
Limitations and Conclusions
There are some limitations to the fi ndings of this study. Although the eff ects of annulus color were signifi cant, the number of participants (10 participants) was small. Furthermore, all the participants were university students, and it is unknown whether the fi ndings can be generalized to other populations such as the elderly or to children. The images for the experiment were composed of a circular disk and a surrounding annulus. Other shapes, such as a cross pattern, have been often used as stimuli to study perceptions of luminosity (e.g., Zavagno & Caputo, 2001 , 2005 Lu, et al ., 2006 ) . It is also unknown how colors aff ect these other stimuli, though it is expected that colors should aff ect the feeling of being dazzled. Further studies will be needed to clarify these issues.
In computer graphics, gradation patterns similar to those used in this study have been often used. These visual patterns are usually called glare and are generally used for expressing the luminosity of light sources. In movies glare patterns often appear, and viewers often feel dazzled by such patterns. Evoking the feeling of being dazzled seems to be intentional. This study showed some combinations of colors which evoked a stronger feeling of being dazzled. For example, the gray disk with the pink or light blue annulus evoked a stronger feeling of being dazzled than that with the other annulus colors. This knowledge may be used for enhancing the feeling of being dazzled due to glare. Glare patterns similar to the stimuli in this study are often used in computer games. If the creator wanted game players to feel dazzled by glare, a surrounding ramp pattern with reddish or bluish color could be used. In contrast, color can mitigate the feeling of being dazzled: for example, dazzling due to a glare pattern in a movie could be reduced by achromatizing it with image processing. Thus, the fi ndings of this study are potentially useful in practical situations.
